Labrador Current mainly composed of denser Atlantic water (Loder et al., 1998) . Arctic Calanus spp. are more abundant on the shelf under the influence of arctic waters, whereas C. finmarchicus dominates the slope and offshore regions in the Labrador Sea (Conover et al., 1995; Head et al., 2003) . Likewise, transport of arctic Calanus spp. along the shelf further south and adequate local environmental conditions would largely explain their presence in the Gulf of St. Lawrence. Over the last decades, the abundance of arctic Calanus spp. increased in the region, a phenomenon that has been associated to an increase in the influx of arctic water on the Grand Banks and Scotian Shelf (Head and Sameoto, 2007; Head and Pepin, 2010) . On the Scotian Shelf, the increase in arctic Calanus spp. could also be driven by transport from the adjacent Gulf of St. Lawrence (Sameoto and Herman, 1992; Head and Pepin, 2010) . Thus, the influence of Arctic water masses in the region could largely explain variation in the co-occurrence of Arctic and Atlantic Calanus spp.
In areas where Calanus spp. are sympatric, different traits can be used for species discrimination in late copepodite stages. At the copepodite stage V (CV) and adult stages, the discrimination of C. finmarchicus and C. glacialis is possible based on specific traits like the curvature of the fifth pair of legs basipodite and urosome pores (Grainger, 1961; Jaschnov, 1970) . However, these traits are only observable under a microscope by an experienced eye (Lindeque et al., 1999) . Thus, in routine identification, the two species are distinguished on the basis of allegedly non-overlapping prosome length (hereafter size-based identification; Unstad and Tande, 1991; Hirche et al., 1994) . For the generally much larger C. hyperboreus, the acute spine on the fifth thoracic segment is also used to distinguish stages CIV to adult of this species from C. finmarchicus and C. glacialis. It is also generally assumed that the prosome length range of this species, from the CII stage onward, is greater than that of the two other species (Hirche et al., 1994) . For nauplii and younger copepodite stages, most oceanographers consider it difficult or impossible to differentiate any of the three species using morphological traits (Hirche et al., 1994; Lindeque et al., 2006) . Different prosome length criteria are used to discriminate the three Calanus spp. on the Canadian Atlantic and Arctic Coasts (Table I) . These criteria are all based on the modality of the distribution of prosome length classes. Elsewhere in the Arctic and Atlantic, prosome length ranges for the CV stage vary from 1.9 to 3.0 mm for C. finmarchicus, from 2.9 to 3.9 mm for C. glacialis and from 3.4 to 6.0 for C. hyperboreus when considering the two most cited references (Unstad and Tande, 1991; Hirche et al., 1994) . Overlap among species prosome lengths has been reported by many researchers (Unstad and Tande, 1991; Hirche et al., 1994; Lindeque et al., 2004; Hirche and Kosobokova, 2007) but the extent of overlap has never been characterized.
Given the difficulty and uncertainty associated with morphology and size-based identification, molecular markers offer a solution to Calanus species diagnosis, especially in areas of sympatry (hereafter molecularbased identification; Bucklin et al., 1999; Lindeque et al., 1999) . As for many copepod species, the subtle morphological differences between C. finmarchicus and C. glacialis are paralleled by strong genetic divergence at the 16S gene (Bucklin et al., 1995) . With molecular markers, new proportions of Calanus spp., which were hidden under uni-or bimodal distribution of prosome length, were revealed in the Northeast Atlantic and Arctic oceans (e.g. Sundt and Melle, 1998; Lindeque et al., 2006; Lane et al., 2008) .
The general objective of our study was to evaluate the efficiency of the prosome length criteria to discriminate Calanus spp. in the Arctic and the Northwest Atlantic Ocean. The specific objectives were to: (i) document the presence and extent of overlap between species using molecular-based identification, (ii) quantify misidentification associated with size-based criteria and (iii) evaluate the impact species misidentification may 
M E T H O D Sampling
We sampled the Canadian coastal area from the Arctic to the Atlantic (Table II 
Species identification
We sorted the CV stages of the three Calanus spp. in two different steps. We first sorted 48 animals between 1.9 and 4.0 mm (general size range of C. finmarchicus and C. glacialis) and then sorted 12 individuals from 4.0 to 5.6 mm to include C. hyperboreus. We did not consider the acute spine on the fifth thoracic segment of C. hyperboreus. Due to this sorting, the relative abundance of the three species was likely biased, precluding a direct comparison between size-based and molecular-based identification and abundance estimates. We therefore restricted our analyses of species-specific prosome length descriptive statistics (mean, range). Also, we only considered relative abundances within each prosome length class in the discriminant analysis aiming to estimate errors in identification (see below). For both years at station RIKI-01, half of the animals were taken from each of the layers sampled. Each preserved individual was first bathed in distilled water for at least 15 min and then measured for prosome length (from the tip of the cephalosome to the distal lateral end of the last thoracic segment (+0.02 mm). We evaluated the effect of preservation on length by comparing the prosome length of fresh and ethanol preserved/rehydrated females ranging from 2.5 to 3.5 mm. There were no differences for the great majority of prosome length classes. The smallest class of C. finmarchicus shrank in ethanol (,5%), but this slight variation is unlikely to affect size-based diagnosis and other analyses. DNA was then extracted using DNeasy Tissue Kit (Qiagen). Molecular identification was performed using the 16S restriction fragment length polymorphism (RFLP) method of Lindeque (Lindeque et al., 1999) . This RFLP method reveals specific DNA polymorphisms at restriction sites by agarose gel electrophoresis. To confirm RFLP identification, 7% of the amplicons were sequenced at the Plate-forme d'Analyses Biomoléculaires (Université Laval) and compared with published sequences (e.g. C. finmarchicus AF295334, C. glacialis AJ311584, C. hyperboreus AF227971). Electrophoretograms were visually inspected to ensure proper base calling.
Data treatment
We conducted three ANOVAs to test for prosome length variability among species, stations, within and among years (all type III due to unequal N). We tested first for intra-annual variation at station RIKI-01 (species*date), second for inter-annual and spatial variations at four stations sampled over 2 years (species*station*year), and finally for spatial variation at 15 stations (species*station). When we tested for the species*station*year interaction, we did not include station TBB-6 because of the small C. glacialis sample size in 2008. Every station was considered as an independent unit except for TCEN-2 and TCEN-3 (19 km apart), which were considered as replicates for inter-annual ANOVA. At each station, we used discriminant analyses to define prosome lengths that minimize species misidentification. Discriminant analysis aims at establishing rules for allocating individuals to a priori defined groups (here, species based on molecular-based identification) using information provided by one or several characteristics (here, prosome length) of each individual (Der and Everitt, 2002) . First, discriminant analysis identifies the value that maximizes the between-groups to within-group variance ratio, i.e. the optimized discriminant prosome length (ODPL). Then, ODPL is used to assess concordance between molecular-based and sizebased identification and calculate the species diagnosis error rate. Then, a concordance between molecularbased identification and size-based identification using the ODPL is carried out to assess the species diagnosis error rate. Discriminant analyses were used only when there were at least five individuals for each of two species. For stations with less than five individuals for a species, the optimized discriminant length was chosen visually to reduce the error rate. Normality and homogeneity of variance were evaluated graphically and no transformation was necessary in any ANOVAs and discriminant analyses. Statistical analyses were carried out using SAS software version 9.1.3 (SAS Institute Inc., 2002).
We compared stage CV abundances of C. finmarchicus and C. glacialis determined with size-based identification and those corrected for errors in identification at two stations where the ODPL was similar to that used in the routine size-based identification (Table I) . We used data collected by DFO over 3 years (2007 -2009 ) at station RIKI-01 (Plourde et al., 2003) and over 10 years at station SI-02 (Pepin et al., 2011) . We corrected abundances by applying discriminant analysis percentages of misidentification to the proper species.
R E S U LT S
RFLP digestion profiles were fully compatible with those of Lindeque et al. (Lindeque et al., 1999) . 16S sequences were similar to those reported by Bucklin et al. (Bucklin et al., 1995) and confirmed the validity of the RFLP method for the identification of these species.
Prosome length overlap was observed between the three Calanus spp. CV along the Arctic and Atlantic Canadian Coasts when all stations were pooled, but was more important between C. finmarchicus and C. glacialis (Fig. 2) . The prosome length range of C. finmarchicus, C. glacialis and C. hyperboreus were, respectively, 1.9-3.7, 2.4 -4.7 and 2.5-5.6 mm (Table II) . Overlap between the prosome length ranges of C. finmarchicus and C. glacialis varied between 53 and 37% in 2008 and 2009, respectively (Total, Table II) . Overlap between C. glacialis and C. hyperboreus prosome length ranges varied between 15 and 71%. Finally, we observed an overlap in prosome length between C. finmarchicus and C. hyperboreus of 28% only in 2009 (Table II) .
The extent of size overlap between the three Calanus spp. was highly variable among stations. Overall, five out of 15 stations showed no size overlap (Table II) and these stations were either off the shelf or at the northern and southern limits of our study area. At the other stations, the extent of overlap between C. finmarchicus and C. glacialis varied between 3 and 89% (Table II) . We selected six stations to represent this variability in size overlap: no overlap (Fig. 3A, E and F) , partial overlap between C. finmarchicus, C. glacialis and/or C. hyperboreus (Fig. 3C and D) , and complete overlap between C. finmarchicus and C. glacialis (Fig. 3B) . Overlap between C. glacialis and C. hyperboreus occurred only within the Estuary/Gulf of St. Lawrence area and varied between 20 and 91%. We observed an overlap of 9 -19% between C. finmarchicus and C. hyperboreus only at two stations in 2009 within the Gulf of St. Lawrence area (Fig. 3C, D and Table II) .
We detected spatial but no temporal variation in average prosome lengths within our sampling area. For the first ANOVA, we detected no intra-annual difference in species prosome length at station RIKI-01 (N ¼ 181, d.f. 4, F ¼ 2.16, P ¼ 0.08). Animals sampled at RIKI-01 in 2008 were then pooled for the next ANOVAs. For the second ANOVA, interactions between species*year and species*station were significant ( Table III ). Given that no interaction was observed between the species, year and station factors (Table III) , animals sampled for 2 years at one station were pooled for the last ANOVA. With this ANOVA, we tested for species*station interaction at 15 stations and it was still significant (N ¼ 1159, d.f. 23, F ¼ 8.28, P , 0.0001). Thus, we then considered each station independently and pooled sampling years for the discriminant analyses.
Coupled with molecular-based species identification, discriminant analyses provided the ODPL when species' size overlapped, i.e. for C. finmarchicus vs. C. glacialis and C. glacialis vs. C. hyperboreus (Table IV) . The ODPL varied between 2.8 and 3.2 mm for C. finmarchicus vs. C. glacialis, and 3.7 and 4.3 mm for C. glacialis vs. C. hyperboreus. The smallest ODPL for the three species were at the CAPC station. Even with the ODPL, species misidentification was still apparent (Fig. 3) . Errors in size-based identification for C. finmarchicus and C. glacialis were highest at stations SI-02, TBB-6 and TDC-6 (respectively, 48 and 26%, 9 and 48% and 6 and 34%) and were due mostly to these species being mistaken for one another, with few errors involving C. hyperboreus (Table IV) . Where C. glacialis and C. hyperboreus prosome length overlapped, errors in size-based identification varied between 2 and 9% and were only due to large C. glacialis within the Estuary/ Gulf of St. Lawrence (TBB-6, Estuary/Gulf Area; Table IV ). We did not use discriminant analyses to optimize discriminant prosome length between C. finmarchicus and C. hyperboreus because the averaged prosome length in these species differed by on average 1.9 -2.2 mm and only a few C. hyperboreus were observed in the size range of C. finmarchicus (Table II, 2008 -2009) . We compared original with corrected abundances at stations RIKI-01 and SI-02 (Fig. 4) . At station RIKI-01, size-based identification resulted in an overestimation by 5% (+0.01% SEM) of C. finmarchicus abundance and an underestimation by 19% (+2% SEM) of C. glacialis abundance during the 2007 -2009 period (Fig. 4A) , with a greater impact in 2007, which was due to greater abundances in C. finmarchicus. At station SI-02, we observed on average an overestimation by 25 (+2% SEM) in C. finmarchicus and an underestimation of 35% (+10% SEM) in C. glacialis from 2000 to 2008 (Fig. 4B) . Notably, abundance of both species in 2004 was markedly affected when our correction was applied. Both stations had on average underestimated C. glacialis abundances.
D I S C U S S I O N Species size overlap and identification
Using molecular identification, we showed that overlap between the three Calanus spp. occurs in the Canadian Arctic and Atlantic areas. Considerable overlap between these three species, especially for nauplii and young copepodite stages, was previously reported in the subarctic north Atlantic and in polar waters (Hirche et al., 1994) . Here, we show that overlap is still important at the CV stage, but is more important between C. finmarchicus and C. glacialis.
To our knowledge, a few studies have documented size overlap and misidentification between C. finmarchicus and C. glacialis based on molecular identification. Breur (Breur, 2003) reported that the prosome length of 30% of C. finmarchicus CV overlapped with 40% of C. glacialis CV in Billefjorden, Svalbard. A similar pattern of prosome length overlap was observed in northern Svalbard waters (Daase and Eiane, 2007) . These size overlaps were partial and comparable with some stations in our study area. In this study, we also showed that size ranges of these species can almost entirely overlap (station SI-02 in 2008). Besides, the extent of size overlap was associated to the variable C. finmarchicus mean size (Fig. 5A ). This species-specific spatial pattern in prosome length could be explained by the interaction between their life history and the seasonality in surface temperature, a key determinant of copepod body size (Huntley and Lopez, 1992; Campbell et al., 2001) . Surface temperature in winter and spring is similar for the Newfoundland Shelf, northwest Gulf of St. Lawrence and Scotian Shelf stations, but varies by as much as 10-128C in summer and the fall (Plourde et al., 2009) . This seasonal pattern means that C. glacialis, which is mostly active in surface water from late winter to spring, would experience small temperature variations and reach a similar body size across the region. On the other hand, C. finmarchicus, which is mainly active in surface water from spring to the fall, would grow under much variable environmental conditions resulting in variable sizes, and potentially larger individuals in some regions (Conover, 1988; Campbell et al., 2001; Johnson et al., 2008; Head and Pepin, 2010) . Under species misidentification, the first column indicates the proportion of individuals of a species that were misidentified while the other columns (italics, if any) specify proportions incorrectly assigned to other species. For C. hyperboreus, all cases of misidentification involved C. glacialis. F, G and H indicate, respectively, C. finmarchicus, C. glacialis and C. hyperboreus. We omitted DMC-2 stations since there was only one species. N/A, one of the species is absent from the sample. a Discriminant analysis was used.
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However, the correlation between C. finmarchicus mean prosome length and size overlap is not significant once the station with the largest C. finmarchicus mean size is removed (r ¼ 0.47, P ¼ 0.12). As another exploratory analysis, we performed a regression of the species mean prosome length against the mean sea surface temperature (1971 -2000, NOAA-OI-SST-V2 data provided by the NOAA/OAR/ESRL PSD, Boulder, CO, USA) during the developmental period of C. glacialis (late winter to spring in the Atlantic and spring to the fall in the Arctic) and C. finmarchicus (spring to the fall) at each station (Fig. 5B) . Although the regression is not significant, most likely because of the low number of observations, it nevertheless suggests that C. finmarchicus may experience more variable temperatures than C. glacialis during its development within our study area. This means that the probability of overlapping size between these two species may decrease as temperature increases during the C. finmarchicus developmental period. Further investigations are warranted but this trend, as well as the overall distribution of species prosome length, indicates that researchers should be particularly concerned with prosome length identification when the C. finmarchicus mean size is large. Note, however, that size overlap may instead be associated with small C. glacialis in other areas, e.g. Svalbard and Greenland Sea (Kwasniewski et al., 2003; Lindeque et al., 2006) . Size overlap between C. finmarchicus and C. glacialis was roughly associated with the general circulation pattern and environmental conditions over our study area. Prosome length overlap occurred at most stations located on the northern (coolest) shelf (Labrador Shelf, Gulf of St. Lawrence), but was barely observed in the southern most (warmest) regions (Scotian Shelf, Gulf of Maine) and at offshore stations. Station SI-02, which showed the greatest prosome length overlap, is characterized by fresher and colder arctic waters, and it is located in the inner Labrador Current upstream of the Gulf of St. Lawrence and the Newfoundland Shelf (Loder et al., 1998) . Transport of Arctic water through the Strait of Belle-Isle and Cabot Strait (after transiting across the inner Newfoundland Shelf ) is a key component of the general circulation pattern and local oceanographic conditions in the Gulf of St. Lawrence and likely a source of arctic zooplankton into the region (Koutitonsky and Budgen, 1991; Saucier et al., 2003; Galbraith, 2006) . Further south, the Scotian Shelf is under the strong influence of the outflow from the Gulf of St. Lawrence, transporting Arctic Calanus species over the inner Scotian shelf and contributing to the local C. finmarchicus population as well (Sameoto and Herman, 1992; Head et al., 1999; Zakardjian et al., 2003) . Although transport of Calanus spp. could be very important between these regions (Zakardjian et al., 2003) , the residence time within each region could be long enough for local conditions to affect the development and body size of distinct generations. This could explain the small or lack of prosome length overlap between C. finmarchicus and C. glacialis observed at the downstream end of our study area (warmer condition on the Scotian Shelf for C. finmarchicus) or at stations located offshore (lesser Arctic water influence) relative to the more northern Gulf of St. Lawrence and inner Labrador Shelf. Similarly, particular local environmental conditions coupled with the 1-2 year renewal time of deep water could explain the relatively small mean prosome length of every Calanus spp. observed in the partly enclosed Saguenay fjord (Table II; Schafer et al., 1990; Bélanger, 2003) .
Overlap in size of C. hyperboreus with the other Calanus spp. was more limited. Size overlap between C. glacialis and C. hyperboreus CV was restricted to the Estuary/Gulf of St. Lawrence region. We also observed a few very small C. hyperboreus CV that were in the size range of C. finmarchicus, a result that was totally unexpected. These animals were found in the Gulf of St. Lawrence in 2009 where C. hyperboreus is thought to have a 2 -3 year life cycle (Plourde et al., 2003) . In warmer regions of the North Atlantic such as the Gulf of Maine and Norwegian Sea, an annual life cycle has been proposed (Somme, 1934; Wiborg, 1955; Conover, 1988; Hirche et al., 1997) . These smaller C. hyperboreus could have developed faster during warmer conditions and eluded the entry into diapause, a plasticity in phenology not mentioned in this species but observed in C. finmarchicus and other large boreal copepod species (Tarling et al., 2004; Johnson et al., 2008; Maps et al., 2010) . This hypothesis needs further investigation, but reporting length as well as molecular identification in future studies might reveal more of these cases in other areas.
We did not observe significant variations in average prosome length in samples collected between May and September 2009 in the St. Lawrence Estuary, but the overall species' average prosome length varied significantly between the two years. Since temperature and food concentration affect Calanus spp. growth and development (e.g. Campbell et al., 2001) , important seasonal and inter-annual differences in these environmental conditions could potentially affect the average size of animals. Very small variations in prosome length in Calanus species have been reported in the Arctic (Arnkvaern et al., 2005) where seasonal variations in surface temperature are generally small. In contrast, the average prosome length of C. finmarchicus CV showed seasonal variations in more southerly locations such as the lower St. Lawrence Estuary and off the coast of Sweden (Bamstedt, 2000; Plourde et al., 2001) where seasonal variations in surface temperatures are more pronounced. Additionally, in the Firth of Clyde, large and small forms of C. finmarchicus have been described (Grigg et al., 1989) that possibly represent two generations with different size ranges. In some areas, successive or co-occurring generations may experience different environmental growth conditions and this could cause seasonal and spatial variation in size overlap. Thus, given that we looked at temporal average size variation within a year at only one station and over 2 years at only four stations, we suggest that more stations should be investigated to test for intra-annual and inter-annual average size variability.
Impact of misidentification
Quantification of errors in size identification with discriminant analyses revealed a potential for considerable misidentification percentages in our study area. Discriminant length and misidentification percentages are relatively easy to use by oceanographers to correct Calanus spp. abundances. Our approach applied over a large region of the northwest Atlantic could also be used in areas in the northeast Atlantic where other studies have pointed out significant size overlap between Calanus species (Sundt and Melle, 1998; Lindeque et al., 2004; Lindeque et al., 2006; Hirche and Kosobokova, 2007) .
In the context of our study, the greatest impact of abundance correction was on C. glacialis for both station time series. Our correction procedure based on error in size-based identification resulted in an overall increase in abundance of C. glacialis at station RIKI-01 in the lower St. Lawrence Estuary and at station SI-02 on the inner Labrador Shelf. Because abundance of C. finmarchicus could be one to two orders of magnitude greater than C. glacialis in the Gulf of St. Lawrence and in the lower St. Lawrence Estuary (Plourde et al., 2001) , an error in the identification of C. finmarchicus of 5 -10% could result in large corrections in the abundance of C. glacialis (50-300%; Fig. 4 ). Such corrections in the abundance of C. glacialis could significantly modify its contribution to the overall zooplankton biomass and change our view about its role in the pelagic food web. Additionally, we could only correct species abundances at stations where the ODPLs were exactly the same as those used to identify Calanus spp. Impacts at other stations (regions), where ODPLs differed from the prosome length historically used, could be greater.
The percentage of error in identification calculated with the ODPL coupled with molecular-based species identification should be considered as a first order estimate of the impact of our results on species abundance at stations RIKI-01 and SI-02. Although our correction factor integrated variations over two years of sampling, it certainly did not encompass the whole range of variability occurring in these regions, in particular for data over 10 years at station SI-02. Surface water temperature varied on an annual scale and gradually increased over the last decade in our study area after several years of cooler-than-normal water temperature in the 1990s (DFO, 2010) . Considering the evidence for regionspecific variations in prosome length of C. finmarchicus and the extent of overlap with C. glacialis (Fig. 5) , one could predict similar long-term variations in prosome length and overlap between these two species over multiyear time series. These variations would result in different discriminant lengths and errors in identification among years. Therefore, despite the fact that our results could have an impact on long-term changes in abundance estimates for C. glacialis in the northwest Atlantic (e.g. Head and Pepin, 2010) , care must be taken in using our results to correct long time series. Clearly, a more extended study would be needed to be able to extrapolate our results with the necessary confidence to data collected at larger temporal and spatial scales.
The presence of C. finmarchicus in the Canadian Arctic Archipelago (Grainger, 1961; Jaschnov, 1970; Buchanan and Sekerak, 1982) was confirmed with molecular evidence. In the Canadian Arctic Archipelago, the surface circulation is generally south-eastward and potentially exports C. glacialis and C. hyperboreus into the Baffin Bay. Numerous north-westward counter-currents in channels such as the Lancaster Sound could transport C. finmarchicus from the Baffin Bay in the Archipelago (Leblond, 1980) . We only sampled two stations in Lancaster Sound and C. finmarchicus was present at the eastern end. This species distribution should be evaluated at more stations along the sound given that C. finmarchicus is generally associated with warmer and denser waters (Huntley et al., 1983; Head et al., 2003) . This species could act as a potential indicator of increasing water temperatures within the Lancaster Sound (Hirche and Kosobokova, 2007) as global warming affects most species distributions (Parmesan, 2006) .
Since overlap in size range was observed at the last juvenile stage between all of the Calanus spp., it would be interesting to do the same kind of study for younger stages. Misidentification of Calanus spp. based on the prosome length along the Arctic and Atlantic Canadian
Coasts is important at some stations and has an impact mostly on abundance estimates for C. glacialis. Intraand inter-annual variability needs to be tested at more stations and over a longer period. Some areas like the Lancaster Sound also need further investigation to characterize the distribution of C. finmarchicus west of Baffin Bay. In fact, the great variability in size range within species and size overlap between species indicates that a reappraisal of species (co)-occurrence in relation to key environmental factors, e.g. temperature, is needed to fully understand the ecology of these key species. Given the low cost of RFLP and sequence analyses, routine molecular identification of subsamples could significantly improve our understanding of the distribution and ecology of such an important species. Other species of zooplankton with similar problematic identification (e.g. Pseudocalanus spp.) could also benefit from molecular identification.
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